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ABBREVIATIONS AND ACRONYMS
INTRODUCTION
Irrigation does not currently play a significant role in African agriculture. Despite highly variable and-in many cases-insufficient rainfall and a high incidence of droughts, food production in Africa is almost entirely rainfed. Irrigated area as a share of total cultivated area is estimated at only 6 percent for Africa, compared with 37 percent for Asia and 14 percent for Latin America (FAOSTAT, 2009). Moreover, more than two-thirds of existing irrigated area is concentrated in five countries-Egypt, Madagascar, Morocco, South Africa, and Sudan-which each have more than 1 million hectares of irrigated area. For the remaining countries, the irrigated area varies from a few thousand hectares to almost half a million hectares each for Algeria, Libya, and Tunisia (FAOSTAT, 2009). The African continent has ample water resources overall; however, they are spread unevenly over a wide range of agroecologic zones. Efforts to manage water and to make it available where it is most needed are hampered by the undeveloped state of institutions for irrigation (and water-resource management more generally) and by the prevalence of subsistence farming. Ample groundwater resources in much of the continent remain largely untapped, except in southern Africa and parts of northern Africa, where overexploitation of the resource is common. Compared with the global average, Africans withdraw only a quarter as much water for human uses as does the world as a whole and the irrigated share of their cropland is less than one-fourth of the world average (Svendsen, Ewing and Msangi 2009). Eighty-five percent of Africa's poor live in rural areas and depend largely on agriculture for their livelihoods. Agricultural growth is clearly the key to rural poverty reduction and can make an important contribution to achieving the Millennium Development Goal of halving poverty by 2015 (see also Rosegrant et al. 2005) . Given that irrigated crop yields are double or more of comparable rainfed yields on the continent, irrigation development is considered by many as an important cornerstone for agricultural development in Africa. The 2005 Commission for Africa report (2005) , for example, called for a doubling of the area of irrigated arable land by 2015. Faures and Santini (2008) report that 58 percent of the rural population in Sub-Saharan Africa could benefit from some type of investment in water. Finally, irrigation development is a key investment priority for NEPAD (New Partnership for Africa's Development). To implement such area expansion, we need to improve our understanding of the locations and technologies with greatest potential for irrigation. In particular, we need information about geographic, agronomic, and economic factors that need to be taken into account when assessing the longterm viability and sustainability of planned projects. This paper identifies opportunities for dam-based, large-scale irrigation investments based on a series of operational, proposed, and to-be-rehabilitated hydropower and other multipurpose projects that are considered profitable based on their planned or existing uses already. In addition, it examines the potential for small-scale, complementary irrigation expansion based on bio-geophysical, market access, and profitability characteristics.
The following sections first present background on the current state of irrigation in Africa, and then describe the methodology and data used for the analysis. Sections 3 and 4 present results for both large-scale and small-scale irrigation for all African countries, as well as sensitivity analyses for key parameters. The paper ends with policy recommendations. Table 1 presents basic descriptive features of agriculture, population, and water resources for SubSaharan Africa, all of Africa, and the world. Africa cultivates a slightly lower share of its land area compared with the global average; cultivated area per person engaged in agriculture at 1.1 hectares is also slightly below the global average. As expected, both population density and share of rural population in total population are above the global average. The continent receives, on average, 124 millimeters less precipitation per year than the world average. Internal renewable water resources per capita are above world average in Sub-Saharan Africa but below average for all of Africa. However, total water withdrawals per capita are less than half the global average, and withdrawals in Sub-Saharan Africa are less than a third the global average. This is explained, in large part, by the much lower share of area equipped for irrigation-6 percent versus a global average of 18 percent. The share of cultivated area equipped for irrigation in Africa varies considerably by country but is generally very low, with the exceptions of Djibouti and Egypt (Figure 1 ). Table 2 presents selected irrigation investment indicators for Africa by agroecologic zone. The values show the large variation across subregions in Africa and the stark contrast in water use between northern Africa and Sub-Saharan Africa. Whereas only 4 percent of area cultivated in Sub-Saharan Africa is equipped for irrigation, 28 percent of northern African agriculture is irrigated. Whereas northern Africa has almost exhausted its irrigation potential, potential for expansion is significant in Sub-Saharan Africa. Much of irrigation development in the north has been implemented through the unsustainable withdrawal of groundwater resources (in Libya, for example) or the use of water resources that were generated elsewhere (e.g., Egypt's use of Nile water for irrigation). Thus, whereas agricultural withdrawals as a share of total renewable water resources reach a high of 219 percent in northern Africa, that share is only 1 percent in Sub-Saharan Africa. Among the regions in Sub-Saharan Africa, only southern Africa, led by South Africa, withdraws 6 percent of total renewable water resources for agriculture. Surface-water storage capacity in Africa relative to the size of its rivers is above the global average. But storage is unevenly distributed, much of it is used solely for hydropower generation, and per capita development is low. The average rate of expansion of irrigated area over the past 30 years was 2.3 percent in both Sub-Saharan Africa and all of Africa. Expansion slowed to 1.1 percent per year during 2000-2003 but has since picked up as a result of renewed investments by multilateral and bilateral donors and foundations. Nearly three-fourths of African countries showed a zero rate of recent expansion. In Africa, irrigated agriculture accounts for nearly 38 percent of the value of all agricultural output. This is very high given that only 13 million hectares are irrigated.
THE CURRENT STATE OF IRRIGATION IN AFRICA
Thus, the potential of irrigation development for Africa, and in particular for Sub-Saharan Africa, is large, given existing water resources, the high value of irrigated agriculture on the continent, and the large number of rural poor that could benefit from productivity enhancement as a result of irrigation investment.
METHODOLOGY AND DATA
Methodology
Our methodology to assess the potential for irrigation investment in Africa includes five steps. First, we assess the production geography, existing and potential performance of irrigated agriculture. This involves an assessment of the actual area and average farm-level yields of 20 key crops (and crop groups; see Table 3 ) under irrigated and rainfed conditions on a 5-minute (about 10-kilometer) GIS (geographic information system) grid, supplemented by estimates of the potentially irrigable area and potential irrigated yields of the same 20 crops on the same grid cells. In the second step, we calculate the potential runoff that could be used for small-scale irrigation. Runoff is a measure of sustainable water availability within an area. Small-scale irrigation requires excess rainfall beyond evapotranspiration and groundwater recharge that can be channeled to a storage location for later use by a crop. A semidistributed macro-scale hydrology model is used to calculate runoff potential at half-degree pixels. The runoff potential is the water available for small-scale irrigation (Zhu, Ringler, and Rosegrant 2009 ). Third, we identify the potentially irrigable area and associated water delivery costs. For dam-based irrigation, we assume that irrigation is gravity-fed until the crop field is reached. This limitation, in connection with local topography, helps us identify the potential command area of each irrigation scheme. After the large-scale potential has been identified, small-scale irrigation converts current rainfed production into irrigated production or could even bring new irrigable area into crop production. In the fourth step, annual net revenue due to irrigation expansion is maximized across potential areas and crops. The increase in annual net revenue with optimum geographic distribution of irrigation water within the potential command area for dam-based irrigation-or within the pixel for small-scale irrigation-is estimated. The most profitable crop mix-given crop prices, yield increases with irrigation, the cost of irrigation water, and a water availability constraint-is also estimated. In the final step, internal rates of return (IRRs) to irrigation are calculated based on various values for water cost (for dam-based irrigation), three alternative levels of irrigation investment costs, and the time trajectory for investment expenditures. For small-scale irrigation, profitable areas are identified by pixel. For large-scale irrigation, IRRs are calculated for each dam. Each of these steps is described in more detail in the following sections.
Production Geography and Performance
The Spatial Production Allocation Model (SPAM) is used to assess production geography and performance. It is an entropy-based method for making plausible estimates of the area and yield distributions on a 1 to10 km resolution global grid. The method combines a very large collection of subnational production data, satellite imagery of the distribution and intensity of cropland, maps of the share of area currently equipped for irrigation, population density, crop prices, and the biophysical suitability of crop production in each grid cell Wood 2006, You et al. 2009 ). Crop suitability is estimated based on ambient rainfall, evapotranspiration, length of growing period, temperature regime, elevation, slope, and soil characteristics. Suitability is assessed for each crop for both irrigated and rainfed production. Irrigated suitability is conditioned by slope, soil texture, drainage, and other characteristics of the soil profile (Fischer et al. 2001 
Runoff Potential that can be Appropriated for Small-scale Irrigation
Runoff is the flow of water generated from rainfall and snowmelt that flows over land or percolates into aquifers. The amount of runoff and its spatial and temporal variation are influenced by climate, vegetation, soil, and topology. In arid and semiarid areas, runoff generally makes up a small fraction of precipitation. From a resources perspective, runoff offers a measure of sustainable water availability within an area. Rainfed agriculture relies on rainfall during the growing season. Without sufficient, timely rainfall to satisfy crop-transpiration requirements, yields decrease. Profitable small-scale irrigation requires excess rainfall beyond evapotranspiration and groundwater recharge that can be channeled to a storage location for later use by crops. Without storage facilities, this water would flow into water bodies or evaporate. The interaction between crop water needs, rainfall during the cropping season, and excess rainfall throughout the year determines the potential for yield increases.
A semidistributed, macro-scale hydrology model is used to calculate runoff at 0.5-latitude/longitude-degree pixels. Long-term monthly 0.5-degree climate data from the Climate Research Unit at the University of East Anglia are used to run the model (Zhu, Ringler, and Rosegrant 2009) .
Runoff calculations in the hydrology model involve estimation of potential evapotranspiration (ET p ), soil water balance, and runoff generation. The Penman-Monteith method to calculate ET p is widely used in the hydrology and irrigation profession. Input data for ET p calculations include-for each grid cell-latitude, elevation, daily maximum and minimum temperature, cloud cover, vapor pressure, and wind speed. Grid-based parameters are estimated from global land cover databases. For each grid cell, albedo and surface resistance parameter values are estimated based on IGBP (International GeosphereBiosphere Program) land cover classes. Plant root depths are estimated for each grid cell based on vegetation type and are used together with other soil parameters to determine the soil's water-holding capacity. To represent subgrid variability, the model assumes that soil moisture storage capacity varies statistically across the grid cell. Calibration using genetic algorithms determines the parameters of the statistical distribution functions.
Wherever impervious areas or open water exists in a grid cell, direct runoff, which equals rainfall minus evaporation, is generated. Evaporation of these areas is assumed to occur at evaporation potential as long as there is effective precipitation. Effective precipitation, snowmelt, and accumulation are calculated using a simple temperature index method. For bare soil or areas covered by vegetation, a soil water balance algorithm determines actual evapotranspiration (ET a ) and runoff, which are affected by soil moisture content. In the current formulation, ET a is a linear function of ET p and the soil water saturation rate. Surface runoff is assumed to occur over the portion of a grid cell where the soil's maximum waterholding capacities are exceeded. Subsurface runoff is a nonlinear function of average soil water content. For each grid cell, total runoff is the sum of direct runoff, surface runoff, and subsurface runoff.
The model produces monthly runoff results for Africa, which were aggregated to obtain annual totals by pixel. These runoff values represent the maximum amount of water available for irrigating crops (You et al. 2009 ).
Potentially Irrigable Area and Water Delivery Costs
Dam-based irrigation is limited by local topography, because we assume irrigation to the field is gravityfed. The identification of potentially irrigable locations and the cost of delivering water to them present complex hydrological and engineering tasks; we used several simplifications to address this issue. To obtain parameters for existing and planned dams, including location, we used datasets from the World Bank AICD (Africa Infrastructure Country Diagnostic) study (Eberhard et al. 2008, Rosnes and Vennemo 2008) as well as the FAO African dams database (FAO 2006); we also consulted Google Earth and did our own Internet search. Figure 2 presents graphically the dams used in our analysis, and Table 4 presents selected statistics on those dams.
Included in this analysis are 448 operational dams, 30 rehabilitated dams, and 142 proposed dams. Because most of the dams are designed for power generation, we include a summary of the generation capacity. The total capacity in the dams under consideration is 73,348 megawatts (MW). Three-quarters of the generation capacity, about 54,000 MW, is only in the planning stages, reflecting the considerable underinvestment of hydropower in Africa. Three-quarters of the planned hydropower capacity is in three regions, namely central and eastern Africa and the Gulf of Guinea. For example, of the Democratic Republic of Congo's total capacity, only 1,684 MW are currently operational, whereas 6,000 megawatts are in the planning. For Nigeria, the operational capacity is 1,938 MW, whereas 2,065 MW are slated for rehabilitation and about 7,000 MW are in the planning stage. On the other hand, the majority of the reservoir capacity is in either operational or rehabilitated dams.
Figure 2. Dam status and locations
Whereas Africa has more than 488 billion cubic meters of operational reservoir capacity, its planned reservoirs have only about 157 billion cubic meters of capacity. Almost 250 billion cubic meters of capacity could be rehabilitated. Rehabilitation could play a critical role in irrigation expansion in Africa. Because we assume that 30 percent of the dam storage capacity is available for irrigation, the total irrigation water availability is about 268 billion cubic meters, more than half of which stems from operational dams. Almost a third of this is in Ghana alone. Zambia accounts for about 20 percent and Mozambique for almost 15 percent. Note: Only dams that are part of the analysis are included; smaller dams and dams with potentially overlapping irrigated areas were excluded from the analysis. "Rehabilitated" refers to slated for rehabilitation.
The potential command area was defined initially as any grid cell downstream and below the impoundment point and in the same country as the impoundment. In addition, command areas are arbitrarily limited to a distance of 150 kilometers from the dam location. In a few cases where dam locations were near national borders, the command area was extended into the neighboring country. For each dam, we thus draw the potential command area using NASA Shuttle Radar Topographic Mission (SRTM) 90-meter digital elevation data. SRTM has provided digital elevation data (digital elevation models [DEMs]) for more than 80 percent of the globe, and the CGIAR Consortium for Spatial Information further processed the original DEMs to fill in these no-data voids in the remaining 20% of the globe (http://srtm.csi.cgiar.org/Index.asp). To be consistent with the SPAM resolution, the command areas are resampled into 5-minute resolution.
For small-scale irrigation, we assume that the entire pixel could potentially be irrigated. Thus, the command area is the area of the pixel. Unlike the dam-based irrigation investment calculations, where gravity limits the potential locations for irrigation, we have no simple physical constraints on where small-scale irrigation might take place. Instead, rainfed croplands are used as a proxy for areas exhibiting potential for small-scale irrigation, and appropriable runoff 1 Irrigation water delivery has a cost. Small-scale irrigation is assumed to be built within the pixel, and we assume no water delivery cost. For dam-based, large-scale irrigation, the estimate of the operating cost of water delivery makes two assumptions: a unit cost of water at the dam (CW u ) and a conveyance cost. This is because water may have to travel a long distance to the dam-based irrigation scheme. Water costs at the dam and conveyance costs arise because of seepage, evaporation, and annual operations and maintenance (O&M) expenditures. We base the conveyance cost on two distances: from the impoundment to the nearest point on the river (D i ) and from the nearest point on the river to the grid cell (di). Cost of water at any pixel is then calculated as from those croplands determines the extent to which water resources might be sustainably exploited for irrigation purposes. Since market accessibility is an important factor in determining small-scale irrigation, we set five hours' travel time to the nearest market as the cutoff value for market access. That is, we exclude those pixels in which travel time to the nearest market is more than five hours for this type of irrigation. In addition, we exclude those areas where irrigation already takes place, where dam-based irrigation could profitably occur, and where development should not take place, such as national parks and biosphere reserves.
squared term is included to capture diseconomies of distance. The rising cost with distance makes irrigating far-away pixels not viable. For small-scale irrigation, we assume no water delivery cost, and CW i = 0.
Maximizing additions to annual net revenue
Once the potential command area of a given scheme has been delineated, we use the information derived from Sections 3.1.2 and 3.1.3 to set up an optimization model to maximize the potential addition to annual net revenue for the command area, NetRevenue, given a water availability constraint. In addition to the data required for Sections 3.1.1 and 3.1.2, this step requires information on crop prices, P j ; costs of production; crop water requirements, WP j (kilogram [kg] output of crop j per cubic meter of water); and the amount of water (either from runoff or stored behind the dam) available for irrigation net of other, prior claims such as hydropower, industrial, and household water uses for consumptive water use in the basin, AvailWater. We assume that 30 percent of the reservoir's designed storage capacity is available for irrigation. For small-scale irrigation, local runoff sets the limit to the AvailWater. We assume 100 percent of local runoff is available for crops.
2 1 Our hydrological analysis generated a 50-year time series of annual runoffs and growing-season water stresses. For this analysis, we used mean runoffs and stresses over this period.
2 Runoff calculation is for the whole pixel while crop production mostly occupies a small portion of the pixel. Considering this, this assumption is not too optimistic.
As defined in Section 3.1.1 above, let A ijl be the existing area at pixel i for crop j at water source l (l = 1 [rainfed], 2 [irrigated]) within the command area. Y ijl is the corresponding yield and P j the price for crop j. With provision of irrigation infrastructure and irrigation water, large-scale irrigated area can expand, and the existing crop mix can change. Irrigation expansion comes from either converting rainfed production to irrigated production or irrigating previously nonproductive (likely too dry but otherwise irrigable) lands. Farmers may change their allocation of crop areas or even plant new crops if irrigation is available.
Let A ijl * be the harvested area in pixel i for crop j at water source l (here l = 1 [rainfed], 2
[irrigated]) after the irrigation infrastructure is built. The corresponding yield is Y ijl * . The crop water productivity is WP j (kg/m3) for crop j, and the cost of irrigation water is CW i (US$/m 3 ; all dollars are U.S. dollars). ER i is the effective rainfall at pixel i. IE is the irrigation efficiency for the irrigation system. We estimate the irrigation water needed per unit area in pixel i for crop j, IW ij (m 3 /ha, or 0.1 mm), as
The potential additional net revenue from dam-based, large-scale irrigation investment is from three sources: (a) increased productivity due to the conversion of rain-fed into irrigated production; (b) new land brought into agriculture; and (c) gains from a new crop mix. The additional net revenue produced by irrigation investment is estimated as
The first part of equation (2.2) is the annual revenue from both irrigated and rainfed production after irrigation capacity is increased, the second part is the annual revenue from current crop production, and the third part is the O&M cost of irrigation water delivery (for small scale, it is zero, because CW i = 0). ProfitRatio j is the ratio of net profit to the gross revenue for crop j, reflecting labor and input costs. We use the same crop prices and profit ratios before and after the irrigation investment, although equation (2.2) could easily be modified to handle the different prices and profit ratios, if necessary. As we could see, NetRevenue represents the annual revenue increase after the irrigation investment, as compared with no such irrigation investment.
There are three unknowns in equation (2.2):
Y ij 2 * , yield from irrigated crops (j);
A ij1 * , rainfed area after irrigation investment; and A ij 2 * , irrigated area after irrigation investment.
We assume that irrigation expansion would first convert existing rainfed areas ( A ij1 ) into irrigated areas before bringing new land into agriculture. With this assumption, A ij1 * would be either zero (if we convert all rainfed area into irrigated area for pixel i and crop j) or the remaining rainfed area (if only a part is converted).
Our goal is to maximize net revenue, NetRevenue, subject to certain constraints. To simplify the optimization, we focus on optimizing the irrigated crop areas ( A ij 2 * ), given the actual irrigated yields 
7)
A ij 2 * ≥ A ij 2 ∀i∀j , and (2.8)
where PotA ij2 is the area suitable for irrigation production of crop j in grid cell i. AvailWater is stored water available for irrigation. For dam-based irrigation, we assume AvailWater is 30 percent of reservoir capacity. For small-scale irrigation, AvailWater is equal to the local runoff potential. Constraint (2.6) sets the upper limit for the irrigated area in a cell: the suitable irrigable area for crop j after taking account of slope, soil, and other factors. Because the areas suitable for different crops in a cell can be greater than the area of the cell, constraint (2.7) limits the total area of irrigation across all crops to less than or equal to the potentially suitable irrigable area. Constraint (2.8) ensures that there is irrigation expansion (that is, the new irrigated area is not below the original one). Constraint (2.9) limits the expansion of irrigation to the available amount of irrigation water.
The preceding model applies to both small-scale and large-scale irrigation. For small-scale irrigation, we run the model for each grid cell (assuming a small reservoir in each cell), and so all the i subscripts disappear.
The preceding is a simplistic view of the feasibility and potential payoff from irrigation investment. We believe it represents a balance between oversimplification and analytical tractability. Additional constraints can be added to this specification to reflect more-specific goals (for example, meeting a specific crop mix or focusing on staples).
Returns on Investment Alternatives
The calculations have thus far ignored the investment costs needed to create the irrigation infrastructure; convert fallow, existing agriculture in rainfed and dry lands to irrigated croplands; and maintain the irrigation infrastructure. Data on such costs are limited. The costs depend on irrigation technology, irrigation scheme (large scale versus small scale), and local conditions. The investment return calculations differ between small-and large-scale irrigations.
For large-scale irrigation, the model provides us the net annual revenue (NetRevenue) and total irrigation area increase for each dam (IrrigA). We use a variety of assumptions about the irrigation investment cost per hectare and the discount rate (r) to calculate the internal rate of return.
The stream of per-hectare benefits and a discount factor ( , r -discount rate) is used to determine the net present value for each irrigation scheme. IRR is then defined as the breakeven discount rate where the net present value of investment is zero. Where NetRevenue is the annual net benefit for a certain dam, IrrigA is the irrigation area increase, both calculated from the above optimization model. We consider two costs: one is the fixed investment cost for irrigation infrastructure (InvestCost); the other, the O&M cost (OperCost). Three fixed costs and their associated O&M costs 3 Table 5 . Investments and benefits: Time path assumptions for dam-based irrigation per hectare (ha) are considered here: $3,000/ha, $30/ha; $6,000/ha, $60/ha; and $8,000/ha, $80/ha, respectively. B t , C1 t , and C2 t are the time profiles used for fixed investment and O&M (Table 5) . Similarly, for small-scale irrigation, the pixel-level optimization model provides us with the net increase in revenue (NetRevenue) and the irrigated area increase for a certain pixel. We use the same equation (2.11) to calculate IRR for each pixel. However, the cost and investment cycles are more complex for small-scale irrigation. The cost of investing in small-scale irrigation depends very much on the choice of technology. Current spatial technologies cannot provide information on specific local conditions that would enable the proper choice of technology. In general, however, a range of unit costs can be assumed based on data found in the literature. Table 6 presents a series of small-scale irrigation technologies and a reasonable range of unit costs per hectare. As in large-scale irrigation, we consider two types of costs: fixed investment cost (InvestCost) and variable O&M costs (OperCost). Based on Table 6 , we use three levels of fixed investment costs and associated O&M costs: $600/ha, $25/ha; $2,000/ha, $80/ha; and $5,000/ha, $200/ha. Small-scale irrigation requires reinvestment every few years to replace or repair old irrigation facilities. The reinvestment cycle for small-scale irrigation depends on the type of technology. Soil moisture management interventions tend to require annual reinvestment, and microdrips and treadle pumps might require renewal every two to five years, whereas small reservoirs can last for up to 10 to 20 years. A second factor important for identifying reinvestment cycles is the relative knowledge level and experience of users of small-scale irrigation technologies. With increased experience, reinvestment cycles and maintenance costs will likely decline. For this paper, we use a five-year reinvestment cycle time profile for costs over a 50-year time horizon. Table 7 shows the benefit and cost time path of this five-year cycle. We then estimate the breakeven IRR for each pixel using the breakeven calculation as in Equation (2.11). Thus, we obtain the increased irrigated area and a corresponding IRR for each pixel. We could use a prespecified IRR ( r ) to determine if the possibility of investment in small-scale technology is rejected. This pixel-level criterion evaluation can be summarized as: After carrying out the preceding calculation over each pixel to determine which are economically feasible for small-scale irrigation at a particular cost and rate of return, we aggregate the results to the country level to determine the total small-scale irrigation investment, based on the following calculation:
where IrrigA represents the potential irrigable area in each of the P pixels in a region (indexed by p). By determining various IRRs, we developed a relationship between IRRs and total profitable irrigated areas for each region (e.g., country).
Data Sources and Assumptions about Costs, Prices, Margins, and Efficiency
The main datasets used in this study are the three major spatial datasets: (a) current crop distribution In addition, several coefficients were specified for the models. The determination of these coefficients is based on literature reviews, consultations with the World Bank AICD team, and expert opinion. 
RESULTS
Combined results of the dam-based and small-scale analyses are shown in Table 8 . For the dam-based investment analysis, the baseline assumptions-low conveyance O&M/water delivery costs ($0.01/m3), on-farm irrigation investment costs of $3,000/hectare and on-farm O&M costs of $30/hectare,-result in an irrigated area expansion of 16.3 million hectares with an average IRR of 6.61 percent and investment expenditures of $32 billion; most of this area is in Sub-Saharan Africa. Of the 620 dams identified, irrigation development surrounding 352 (out of 448) existing dams, 20 (out of 30) dams slated for rehabilitation, and 103 (out of 142) planned dams would be profitable. Of the newly irrigated land, 8.4 million hectares would surround existing dams, 1.0 million hectares would be associated with dams slated for rehabilitation, and 6.9 million hectares would receive water from proposed reservoirs. The countries with the greatest potential for large-scale irrigation based on IRR are Egypt (IRR of 62 percent), but the additional area is very small (260 hectares), followed by Botswana, Eritrea, Morocco, Tunisia, Sudan, and Mali, all with an IRR above 10 percent. On the other hand, the largest potential for irrigation expansion is in Nigeria, at 3 million hectares, followed by Benin, Guinea, Mozambique, Sudan, Ethiopia, and Tanzania, all with 0.7 million hectares potential or more.
The average IRR of irrigation schemes linked to dams slated for rehabilitation, at 11.3 percent, is substantially higher than the corresponding IRR for both existing and planned dams, at 7.2 and 5.3 percent, respectively. Furthermore, the availability of water for irrigation (assumed to be 30 percent of dam capacity) is generally not a constraint for planned dams.
Under our set of baseline assumptions, the potential to develop small-scale irrigation in Africa is 7.3 million hectares (Table 8) , with the potential for investment ranging from 0 hectares to 2.5 million hectares, depending on the individual African country. We assume medium investment costs ($2,000 per hectare), a five-year reinvestment cycle, and a travel-to-market time of five hours. The potential for expansion excludes protected areas (such as parks) and those already identified for dam-based irrigation. Whereas the large-scale analysis was sensitive to spatial proximity to the dam and the costs that are involved in conveying the impounded water, the potential for small-scale irrigation depends on the availability of surface-water runoff, on-farm investment costs, crop mix, and market accessibility.
Just over one-third of the small-scale potential lies in Nigeria, with 2.5 million hectares. This is followed by Uganda, Morocco, Mali, Tanzania, Cameroon, Chad, and Sudan. Investment costs are estimated at $38 billion, with an average IRR of 28 percent. Uganda, Kenya, Niger, Mali, Somalia, and Mauritania have IRRs in excess of 30 percent. On the other hand, IRRs are close to zero for Burundi, Sierra Leone, Gabon, and Swaziland, but irrigated area expansion potential is also very small in those countries.
Overall, IRRs for small-scale irrigation are much larger than those for large-scale, dam-based irrigation. The African average IRR for large-scale, dam-based irrigation is 7 percent compared with 28 percent for small-scale irrigation. Higher IRRs for small-scale irrigation are due to the generally much larger and higher-potential rainfed areas located away from large-scale projects that could be profitably converted to small-scale irrigation, even with the requirement of a maximum of five hours of travel time to an urban center.
Nigeria has the largest potential for both small-and large-scale irrigation investments, at 5.7 million hectares, accounting for almost a quarter of total area potential. Given the large size of its economy, the combined total investment in small-and large-scale irrigation represents only 17 percent of the country's national gross domestic product (GDP) if implemented in one year, or 0.3 percent if implemented over 50 years (compared with 2006 GDP) and 1.7 percent of GDP when spread over 10 years. Source: Authors' calculations. Notes: Baseline assumptions: large-scale assumptions are water cost of US$0.01/m3, discount rate of 12 percent, and investment cost of US$3,000/ha on-farm only and operation and maintenance cost of US$30/ha. Small-scale assumptions are five-year cycle of investment, discount rate of 12 percent, fixed cost of US$2,000/ha and operation and maintenance cost of US$40/ha/yr. a/ GDP data are for the year 2006 from World Development Indicators (2008); investments discounted over 50 years are divided by either 50 or 10 years and share of GDP is calculated. b/ Irrigated area for latest available data from FAO AQUASTAT; irrigated area expansions, based on 50-year discounted investments, are divided by either 50 or 10 years, respectively, and the annual increase over existing area is calculated as a percentage. n/a = not available.
The profitability and potential for irrigation expansion of both large-and small-scale irrigation are quite sensitive to underlying assumptions, in particular the investment cost and IRRs. Table 9 presents total investment needs for both small-and large-scale irrigation using 12 percent as a cutoff point for IRR. Under this assumption, combined area expansion declines to 6.1 million hectares and total investments to $26 billion, over an investment horizon of 50 years. This investment volume appears feasible over the next 10 years, given the significant push by major donors and national governments to expand agricultural water management in Africa.
Several countries have both large-scale (dam-based) and small-scale potential with IRRs above 12 percent. They include Algeria, Angola, Botswana, Eritrea, Ethiopia, Kenya, Mali, Morocco, Mozambique, Nigeria, Tunisia, South Africa, Sudan, and Zimbabwe. Figure 3 presents potential irrigated areas with varying IRR levels for all of Africa. Source: Authors' own calculation. Notes: Large-scale assumptions are water cost of US$0.01/m3, investment cost of US$3,000/ha on-farm only, and operation and maintenance cost of US$30/ha. Small-scale assumptions are five-year cycle of investment, US$2,000/ha, operational cost US$40/ha. Potentials for rehabilitation, reflected as irrigated command areas currently not irrigated, have to be treated with great caution; neither the location of these areas within countries nor IRRs are known.
How will irrigation investments be financed? The assumption here is that large-scale irrigation will be chiefly sourced from national government budgets, with most funds originating from multilateral donor organizations; schemes are considered an add-on to existing or planned hydropower development. Small-scale irrigation development incorporates on-farm soil moisture management measures. Whereas farmers are expected to be responsible for most on-farm-level irrigation developments, small reservoirs would still require support from the local or central government.
Given the limited experience of many governments in Africa with irrigation investments, it will be important to ensure that planned investments do not surpass a country's financial capacity and that investments are proportional to other agricultural expenditures and value generated in the agriculture sector. Table 8 presents the discounted investment needs divided over 10 and 50 years, respectively, as shares of total (2006) GDP of African countries as well as shares over existing irrigated area. These numbers provide an idea about the absorption capacity of these countries.
Among the countries with data, the investment potential identified across Africa would burden Egypt the least (but area expansion is also tiny), followed by Gabon, Congo, and Botswana. On the other end of the spectrum, several small countries with considerable irrigation potential would be unlikely to implement much of their potential given limited financial resources. These include Guinea, Benin, Uganda, and Mozambique. Results are presented graphically in Figure 4 . Given that the investment expenditures would surpass the annual agricultural expenditures for many African countries, and given that current irrigated areas are estimated at 13 million hectares, it is unlikely that more than 1 to 10 percent of the irrigation potential identified can be implemented over the next 20 years, depending on the country in question. In terms of irrigated area expansion, the area expansion could be carried best by countries that already have significant experience with irrigation or where area expansion would constitute a relatively minor share of existing area, or both. Such is the case for Egypt, Djibouti, Somalia, Madagascar, Libya, Gabon, Sudan, and South Africa. On the other hand, baseline irrigation expansion (even if implemented incrementally over 50 years) is 80 percent or more of current equipped area for countries such as Togo, Ivory Coast, Central African Republic, Uganda, and Benin. Given the limited experience with irrigation in these countries, it is unlikely that such large irrigation could be implemented rapidly.
SENSITIVITY ANALYSIS
A comparison between tables 7 and 8 has shown how sensitive area expansion is to the cutoff point of IRR. We have also implemented sensitivity analyses for changing investment costs, changes in irrigated water delivery cost, and changes in water availability. Results are presented in the following paragraphs. Table 10 presents results under changing investment costs. Potential irrigated area expansion could range from 6.7 million hectares to 32 million hectares, depending on the initial investment cost assumed for small-scale and large-scale irrigation. When small-scale irrigation costs decline from $2,000 per hectare to $600 per hectare, irrigated area expansion potential increases most in the Gulf of Guinea and Indian Ocean Island zones. When large-scale irrigation costs are halved, from $6,000 per hectare to $3,000 per hectare, the potential for irrigated area expansion increases sharply in the Indian Ocean Islands, eastern Africa, and southern Africa. When small-scale irrigation costs are raised from $2,000 per hectare to $5,000 per hectare, the potential for area increase declines relatively uniformly across regions. For large-scale irrigation, on the other hand, an increase of initial investment costs from $6,000 per hectare to $8,000 per hectare leads to large declines in potential area expansion in central and eastern Africa, and only very small declines in northern Africa. The assumption about the cost of water delivery for dam-based irrigation can have a significant effect on profitable irrigation expansion. At 0.25¢ per cubic meter, 17.3 million hectares could be irrigated with an IRR of 7.03 percent. If instead, the water cost is 5¢ per cubic meter, area expansion drops to 11.9 million hectares with an IRR of 5.78 percent, compared with 16.3 million hectares with an IRR of 6.45 percent for our baseline (Table 11) . Climate change will certainly have a large impact on the potential for irrigation expansion. It will alter rainfall patterns and therefore reservoir storage, which in turn affects the availability of water for power production and irrigation. In addition, a changing climate will affect both crop yields and patterns (for example, some current crop areas may not be suitable for growing certain crops or might completely go out of production). Explicitly modeling climate change under our current models is highly complex. Even though there is a wide range of studies on the potential impact of climate change on agriculture in Sub-Saharan Africa, most have been carried out at highly aggregated levels (country or beyond), whereas this study is implemented at the level of 9-kilometer pixels. As we cannot now fully evaluate the impact of climate change, we instead use a rudimentary approach through sensitivity analysis for reduced water availability in reservoirs, without accounting for changes in cropping patterns and yields as a result of climate change. We implement this by assuming that the reservoir water storage levels would be reduced by 5, 10, and 25 percent under different climate change assumptions. Table 12 presents the results for this sensitivity analysis.
A small decline in the volume of water (for example, 5 percent) has limited impact on irrigated area and returns to investment. That is because water is not a constraint for many of the large-scale irrigation systems examined here. A 25 percent reduction of water availability, on the other hand, does have a considerable impact on the potential for expansion of irrigated area and the number of dams that can be associated with irrigation expansion. The return to investment, expressed in IRR, is only marginally affected by water availability through climate change. Note: Values in bold indicate base case. The baseline assumes an investment rate of $3,000/ha, discount rate of 12%, and water cost of $0.01/m3.
POLICY RECOMMENDATIONS
Africa's agricultural productivity is the lowest in the world, in part because of the underuse of irrigation in Sub-Saharan Africa. Past low food prices, limited government commitment, poor rural infrastructure, diets tied to crops with low water requirements, and low population densities have all contributed to high costs and low levels of irrigation in (Sub-Saharan) Africa. As these trends have been changing and donor commitment for irrigation has increased significantly, irrigation development is set to gradually increase. Irrigation is an important vehicle for promoting increased productivity, provided investments in irrigation are properly targeted and accompanied by complementary improvements in other agricultural inputs. By taking a closer look at the agronomic, geographic, and economic characteristics of potential project sites with a high level of spatial disaggregation, we can gain a better understanding of the conditions under which irrigation investments will yield their full potential. The analysis presented here provides, in that sense, a first filter that helps to identify the areas of greatest potential. More detailed study of these areas is warranted to evaluate all the other factors-institutional, agronomic, human, and environmental-that ultimately determines the success of irrigation projects at the country level.
The results for large-and small-scale irrigation present a striking contrast. Although the total area expansion potential is small for small-scale irrigation, IRRs are considerably higher for this type of expansion. The average IRR for large-scale irrigation is 6.6 percent, versus an average IRR of 28 percent for small-scale irrigation in our baseline.
In terms of country potential, Nigeria stands out as having particularly great potential for both large-and small-scale schemes. Mali stands out as a particularly lucrative site for small-scale irrigation investments. More than half of the large, dam-based potential for irrigation expansion is with operational dams. This shows the large potential for adding irrigation facilities at existing dam sites. In general, adding large-scale irrigation to dams in need of rehabilitation appears more profitable than either operational or planned reservoirs. This is largely due to the high returns in Egypt and Nigeria. For smallscale irrigation, rates of return are highest in the Sudano-Sahelian zone, followed by the eastern Africa zone.
In geographical terms, clear patterns emerge. The Gulf of Guinea area has the largest potential for area expansion for both operational and planned dams within Africa, reflecting the rich water resources in this region. For small-scale irrigation, almost half of total suitable area is located in the Gulf of Guinea, followed by 1.3 million hectares in the Sudano-Sahelian zone and 1.2 million hectares in the eastern Africa zone.
The results presented, for large and small schemes alike, are sensitive to assumptions about the unit costs of their components, and we conducted tests to determine the extent of that sensitivity. The unit investment cost is a particularly sensitive parameter. The lower values, up to and including the baseline assumption of $3,000, correspond to the incremental investment costs of developing a large-scale scheme when all or most of the costs of the dam are paid from some other source (typically hydropower revenues). The higher values, on the other hand, correspond to situations where some portion of the water-storage costs must be borne by the agricultural sector. When storage costs are excluded, the area in which dam-based irrigation would be profitable encompasses from 16 to 18 million hectares. However, if they are included, the viable area shrinks to just 3 to 6 million hectares. Similarly, for small-scale irrigation, traditional forms of small-scale irrigation, as well as some low-cost higher-end systems-up to investment costs of $600 per hectare-result in a viable area of 16 million hectares; this area shrinks to 0.3 million hectares at high-end small-scale irrigation, valued at $5,000 per hectare. Thus, Africa has significant potential to develop both large-and small-scale irrigation, but economic viability depends on keeping costs down. Only lower-cost technologies and approaches are viable on any significant scale in Africa. Although not a focus of this analysis, there is also significant potential for rehabilitating existing irrigated area in the region, estimated at 2 million hectares. According to both Inocencio et al. (2005) and Riddell (2005) , rehabilitation costs are lower than new construction costs in Sub-Saharan Africa. Moreover, Riddell finds that rehabilitation costs do not vary widely between regions within Sub-Saharan Africa.
It was not possible to perform a detailed climate change analysis for this study, but we did test large-scale schemes for reductions in reservoir levels. According to our analysis, a small decrease in storage would have a modest effect on the potential for expansion of irrigated area associated with large dams. On the other hand, a 25 percent reduction in water availability would reduce the size of the potential irrigable area for large-scale schemes by 5 million hectares. Although we did not study this issue in detail, an aggressive campaign of agricultural water development could help reduce adverse effects of global warming on food security in the region.
Given Sub-Saharan Africa's limited experience with irrigation investments, it is important to ensure that planned investments do not surpass a country's financial capacity and that investments are proportional to other agricultural expenditures and value added. One way of keeping the investments affordable would be for the donor community to provide sequenced financing reflecting certain priorities. This could be done in several ways. A purely economic approach would set priorities based on the highest benefit-cost ratios identified previously, with the effort focusing on a handful of countries where the impact would be greatest. An approach driven by food security, by contrast, would target those countries that are both extremely poor and that import more than half of their total cereal demand and would lead to a focus on the Sudano-Sahelian region.
Market access conditions have been shown to be critical for irrigation development to succeed. Whereas they are explicit in the case of small-scale irrigation, they will also play an important role for large-scale irrigation. Here, it is assumed that the size of the irrigation system development would attract additional resources for postharvest processing and marketing. The overall potential assessed here could be reduced by limiting expansion to the poorer regions within countries. The potential could be yet further limited by introducing a food demand component into the analysis-for example, introducing a countryor regional-level limit to irrigated shares for staple crops or high-value commodities. Additional criteria, such as poverty targeting-or the readiness of countries to expand irrigation as described in the World Bank Africa Region Irrigation Business Plan of 2007 (World Bank 2007a)-could also be used to take this analysis further to identify the highest-priority areas. In future research, we plan to incorporate basinlevel hydrology modeling into assessing the investment potential to account for upstream and downstream tradeoffs as well as environmental impacts of large-scale irrigation development.
Moreover, although there is considerable scope for the expansion of both dam-based and smallscale irrigation in Africa, investment decisions seldom depend on biophysical and economic criteria alone. Government policy objectives, donor suggestions, and other factors not related to irrigation and agriculture-ranging from plans for energy security and urban water supply to rural development and income generation, and national food security goals-all play a role in the final policy decision to expand irrigation.
(Sub-Saharan) Africa faces large challenges to implementing irrigation. Those challenges are related to low levels of expertise, knowledge, and capacity to develop and manage irrigation; the absence of an adequate policy and strategic framework; the often disappointing results of previous irrigation development and the need for continued support for recurrent costs from the public sector; relatively high costs of conventional irrigation development (but see also Inocencio et al. 2005 ); and increasing competition over water.
In addition, irrigation is only one of several deficient productivity-improving capital investments and technological inputs in the region. Others include fertilizer, advanced seed-delivery systems, postharvest processing facilities, and access to markets. Thus, even when supported by national agencies and farmers, irrigation thrives only when complementary inputs and rural services are available. Thus, significant efforts are required not only to develop irrigation but also to ensure that irrigation develops its full potential for poverty reduction, food security, and economic growth. Thus, institutional settings, extension and management systems, availability of complementary inputs, and the involvement of farmers in the design and management of irrigation systems will determine final system performance. Thus, strengthening African countries' capacity to address institutional and strategic challenges for irrigation will be just as important as accelerated investments in irrigation infrastructure.
